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The resson why the comprehension of what oscurs in the vicin-
ty of a propeller is comimonly regarded as especially difficult,
does not lie so much in the complexity of the hydrodynamical phe-
nomensa as in our limited ability of geomeirical presentation,
which sometimes fails us, even in simple cases, when these have a
epiral form. The mathematical treatment is rendered still more
difficult by problems connected with the propeller symmetry.

Aside from the above inconveniences, which are not inherent in

the nature of the pheromena, ‘the propeller offers no greater dif-~
fioulties than the majority of other hydrodynanmioc problems, By
confining ocurselves to the most essential phenomena, we can rep-—
resent them in very simple fashion, It is characteristic of this
simplicity that we have long had a presentation of ihe theory of
vhe propeller in Rankine's propeller slip-stream theory, which is'
a fairly close aprproximation to ths truth and which ney be re-
garded as a sort of forerunner of the modern theory** of.zero~

foils. Only when we endeavor to acquire a more accurate knowledgs

* Reprint from "Die Naturwissenschaften,' 1921, No. 18.

** Rankine, "On the lMechanical Principles of the Action of Propel-
lers."  Transactions of the Institution. of Naval Architects, 1¢35, -
Vol. VI, p.13. Tke theoryv was considerably improved later, esrzc-
ially by Frovde. Frouce, "On the Part Plared in Pronulsion by
Differences of Fluid Pressure." Transactions of the Institution
of Naval Architects, 1889, Vol. XXX, . 390,
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of the phenomena, will the theoretical trsatment becorme more 4if-
fiocult., Our knowledge i3 most deflcient in regard %o the mutuai
action of provellier snd airplane. In this coanection, we mus%t
depend almost wholly on sxperiments. The cause of this ignor-
arce resldes lsss, howsvsr, in the propsller, than in ths resist-
er.ce of the airplane, vhich here plays a very important role,
This problsm of the resistance of a body moving in a fluid and
the attendant loss of ensrgy, aside from any special cases, has
thus far withstood all theoretical treatmsnt and has had to be
worked out almost exclusively by means of experimeants. It is
therefere natural that our imperfect knowledge of the phenomena
which determine +ths —esistance of the alrcraft, also hinders the
theoretlcal treatment of the related propeller phenomena. The
problems relating to the independent operation of the propeller
are, on the contrary, with the exception of a few very special
problems, wostly solved, aﬁ least as regerds zropellers with fav-
orable shapes, which alons are of any practical importance. This
limitation has the advantage of enabling us %o assume 28 small
the loss of eneigy from friction and the formation of vorticss,
over walch we have the least wntrol, as compared witn the amount
of snergy othnerwiss loat, and the further special advantage +that
the large rumber of shapss which otherwise would have to be con—
sidered 1= thereby greatly reducsd, The following exposition will
consist of a brief review first of the fundamental principles of
the propelilsr slip-stream theory and ite further develorment

through later researches, whlch demonstrate the conrnection beitwesn
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the »ropeller siip~stream theory and Froude's sc-called "propeller
blade theory."*

If we wish to exezt a2 force on a body, for examprle, on 3 ve-
zicle to overcome the head resistance, we must use some other
2ody ag & brace =nd exert uron it tkhe same foroe, but in the opro-
slte direction (law of action and reaction)., In moving a vehiocle
on the solld earth, the latter is nearly z2lways the resisting
body, —hich, on =csount of its large rass, suffers no notviceable
changs in speed from the zeaction. The case is different, 1f we
utilize a relatively smell body which is not rigldly connected
with the earth. In such a case, the body is affected by the force
of reaction and acquires a noticeable velocity, This phenoﬁenon
ig very apparent in firing 2 cznnon ball., Ws wish %o lmpart a
velocity to the ball and thersfore a force must be exerted upon
it. The cannon is the resisting body and is given a velocity in
the opposite direction to that of the cannon bpall (recoil). The
case 1is similar-if we wish to set in wmotion s body in a fluid
(air or water) by means of a propeller. Ve may think of the pro-
cess a8 follows: A wmass m of the fluid is utilized for a second
as the reacting body and acquires a certain velocity wv. Then
another squal mass of fluid is brought into play and serves as %he
reacting vody for the next second, etc., so that in each second a
mass m acduires an lncrease in velooity v. If S represents

the tropeller thrust, the force of ~eaction must have the same

* ¥Froude, "On the Elementery Relation between Pitch, Slip and
Propulsive Efficiency.” Transactions of the Institution of Naval
Lrchitectes, 1878, Vol, XIX, p.47.
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rglue and She acceleration v, imparted to the mass 1 in one

second by the aciion of shis forece, is v = S/m.

It is not essential for us to think of the vrocess as being
divided into intervals of one second. If we represent each inter-
val by 1l/nth of a second and teke the corresvonding 1/ath part
of the rass, we obtaln for.tha same reaction force, the same ve-
locity and the mass accelerated per second remalns the same.

The vslocity ‘imperted %o tle reacting fluld is directly proror-
tioﬁal to the Thrust and inversely proporiional to the mass of
fluid acted uron per second. Tith +this velocity, the fiuid ac-
Cuirss an increase in energy amounting to 1/2 = v;a per second.
This energyv must befsupplied in additlion to the useful power, in
ordsr to obtain the éesired thrust. It means, however, an un-—
avoidable loss of energy.

If all other losses are disregarded, it follows from an ex-
tension of the cbove reasoning that the most favorable case is
when the thrust,isrevenly distributed over the whole surfacs of
_ the rropeller hlades. This conGition would be approximsately ful-
filled Ey & proreller with very many blades. The theorems for thne
.losses in the propeller slir stream obtained from this very simple
thsory, are verf useful for estimating the e fficiency of a proﬁel—
lez, elince the ramairing losses are ordinarily considerably smaller
and not so dspendsnt on external conditions.

Thg theory also gives the velocity with which the fluid passes

through the plane of the rropellex. It may be shown that the fluie
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nassing throvgh the rropeller acduires half its acceleration in
front of the rropeller and the other half behind it., An accurate
¥nowladge of ths flow at the »lane of ths rrogeller 1s however
mach desired, sinoce it will give us a basis for calculating the
blades and the nosition to be given +them in order to obtain ths
desgirsd thrust. For this purpose, howevsr, the results of this
rrimitive thsory are no longsr entirely adeguate. So long:as but
1ittle was known concerning the action of the fluid on the propel-
ler blade, there was no great need of é riore accurate knowledge

of the flow in the plane of the propeller. But after the investi-
gation of the vhenomena of aerofoils had laid in this resvect the
foundation for a more accurate calculation of the propeller blade,
it was also desirable o increase the knowledge of the flow in the .
vicinity of the propeller.

There were in the main two pointe requiring further elucida~
tion, In the first rlace, the propeller, in addition to the mo-
tion of the slip stream parallel to its axis associzbted with the
thrust, also generates tangential motions which necessitate a
slight correction to the considerations of energy and, what is
more important, produce & noticeable increase in the flow through
the propeller disk. In the second place, sorew propellers always
have had a very limited number of blades. It was therefore desir-
abvle to determine what difference this circumsitance makes in com—
parison with the assumpiion of a large number of uniformly dis-’

tributed narrow blades. In both directions considerasble progress
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has recently been made. Although some roints have not yet been
worked out for convenient practical application, the rrineipal
difficulties have nevertheless been overcous.

The investigation of the rotation of the rropeller slip
stream 1s closely connected with the above-menticned considera-—
tions of the simple older theory. Simply, the propeller tordue
is substituted for the thrust. The connection between the indi-
vidual quantitiss is indssd oonsideraply more complex in this ex-
tended #ropeller 8lip-stream theory, than in the older theory,
and the ocaloulations are more diffioults. But after the requisite
laborious calculations have once been made, the results can be
sxpresssed in the form of curves, vhich can serve as the basis for
practical arplications.*

Ths second point, in which the old proreller slip-stream the-
ory nseded to be supplemented, was the assumption that the thrust
could be distributed at will over the surface of the propeller
disk, whioh holds true to a ocertain degree for a propeller with
Tery meny nerrow bladss, but certainly not for an airrlane prorel-
ler with two blades which cover only a very small portion of the
propeller disk. It mey however be here noted that the difference
in comparison with the uniform distribution is not so great as ar-
pears at the first glance. On account of the revolution of the
propeller, its »lades exert a pressure at every point of the pro-
peller disk, only not simultaneously and continuously, but period-
icelly always again at another place.

For the treatment of this propeiler with widely semparated

*Betz, Eine Erveiterung der Schraubenstrahltheorie, Zeitschrifs
fir Flugbsecknik und Hotorluftschiffahrt, 1820, Vol.. OI, p. 105,
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biades, there is a verv useful method which was developed princi-
pally in connection with the theory of zerofoils and hes already
been very gaccessyvily aprlied in that connection (Compare the
article, Betz] "Sinflthrung in die Theorie der Flugzeug-Tragflligel)
Die Naturwissenschaften, Vol. 8, p.557). A field of well-defined
vortices is connected with the distrivution of the propellsr
taTust, or the 1ift of & wing., Since, on the other hand, the mo-
tion of the fluid is definitely determined by the vortioces exist—
ing in it, we can calculats the flow from the thrust distribution
by means of this concept of vortices.

Such a calculstion, however, consumes considerable time. An
effort has been made, therefore, to simplify this work. F%ttinger
gave a practically appiicable method in his lecture before the
Society of Naval Enginsers (Schiffbautechnische Gesellschaft) iﬁ
1817.*%* He proceeded from the correct concept that the strongest
vortices are restricted to definite regions? so that we can repre-
sent taem approximetelir by single vortex liﬁes. These lines are
the propellez axis and the splral lines goinz out from the tips
of the propeiler blades and encirciing the propeller.axis (Fig.1).

As in the theoory of asrofolls, in which a corresponding avn-
owroximation is employed, this simple vortex pilcture always per-
forms very good servics, when ths flow is investigated at some
distance from the vortex lines. That the picture of the flow in

the vicini%ty of the iadividual voriex lines can no longer agrsae

* FSttinger Faue towndlagen flir die theoretische und experimen-—
telle Behandltna d2s Propsllexrproblems, Jahrbuch der Sohiffbau—

technischien Gsssllschafi 1918, Vel. 19, p. 385,
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with reality, follows from the fact that the theorsticael veloclisy
in the immediats neighborhood of en infinitely thin vortex iine
ig infinitely large. If we wiéh to investigate the flow in the_
vicihity of the verisx field, more sspecially, for example, at Tle
plaoce where the blade itself is, we must have as a bagis more ac-—
curate data on tkhe distribution of the voriices, that is, on the
distribution of the thrust along the blade.

After it had been demonstrated by the theory of asrofoils
(in which the same difficultises occur, though to a lesser degree)
that the most favorable 1lift distribution gave very simple flow
relatione, the idea suggested itself o investigate as to whether,
for the proreller also, the most favorable thrust distribution is
not characterized by very simple flow relations. A4As a matter of
fac%, perfectly analogous laws for the propeller can be derived
by propsr modifications of those employsd for aerofoils.™

The nost important one of these laws reads: The flow b2hind
a propeller which has the least loss of energy agrees with the
jdeal flow about rigid screw surfaces displaced axially backwards.
The shape of these screw surfaces is that which is ocut in the Tlu-
id by bhe propeller blades in their wmotion. The speed of the dis-
placement depends on the magnitude of the thrust.

However simple this statement concerning the flow generated

by a propeller with the mest favorable thrust distribution may ap-

peaz, the problem is nevertheless not entirely eolved by it. The
* A, Betz, Schraubsnpropeller mit geringstem Energieverlust, with
an arpendix by L, Prandtl, Nachrichten der Gesellschaft der Vis-
senschaften zu Gottingen, Math. physik. K1. 1919, p.1S3.
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mathematiocal treatment of the flow about such a displaced scx=.r
surface presents végy great difficultlies. Prandtl hae given an ap-
proximat§ sclution of ikhis problem in an appeadix to the writer's
article ﬁentioned in “he footnoie. Though this solution does nob
give entirely accurale values, especially for the two-bladed pro-
peller,nit is perfectly satisfactory however for practical pur-
poses.

Fig. 2 represents the most favorable thrust distribution, as
determined by the old propeller slip-stream theory and also by the
lzter improvements of the same. The thrust per unit surface is
represented for the different distances r from the axis of the
propeller. In case ¢, the thrust, which is here concentrated
on the blade, is to be thought of as uniformly distributed on the
circumferences belonging to the corresponding radii. In the old
propeller slip-stream theory, the thrust is evenly distributed
over ths whole surface. With the consideration of the slip-streanx
rotation, we obtain a pressufe drop at the axis and, with the con-
sideration of the finite number of blades, we obtain also a pres-
sure drop at the bvlade tips.

In deducing the laws of the screw propeller with the most fav-
orable thrust distribution in the case of a finite number of
blades, it has been assumed that the thrust is so small, that the
flow velocities generated by the proreller can be regarded as
small in comparison with the proper motion of the propeller. We

can, however, by foregoing strict mathematical accuracy, but with-

out any error worith mentioning, so modify the laws that they will
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also hold good for more heavily loaded_propellere..

TR

In all *he prscsdiag discusslon it has bzen taken foo granﬁei
tﬁat we possess in the propeller blades a sulitable deviee for ex—'
erting forces on the alr, which will produce the desired thrust.
Mo knowledge has besn gained however as to the necessary shape of
the blades for obtaining %he desirsd effect nor as to the loss of
energy dus %o the rroducdtion of prassurs by the blades. These
data nay oe supplled by a method entirely different from the pre-—
ceding. Its principies were expounded by Froudse in 1877. Both -
theories, the propeller slip—stream theory and the propeller-
blade theory, long existed side by side, without our veing able
to give an entirely satisfactory explanation of the real connec-
tion bebtween them. Knowledge of the phenomena in %he vicinity of
gerofoils, and more espscially of the influence of the span on
the resistance, first shed light on the corresconding vhenouens
in the vicinity of propellers.

If we assume that the effects of the individual parts of the
blade, in its motion through the field, are inderendent of each
other, we only need to determine experimentally, once Tor all,
the forces arising in connection with the motion of defirite cross
sections, in order to calculate from them the forces acting at
every voint of the blade. The magnitude and direction of the ve-
looity of the particular portion of the blade is indeed given by
the two components, the cilrcumferenitial and the forward motion.
From the forces acting on the individual portions of the blade,

the tarust and torQue of the whole propeller can then be readily
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caloulated. In pracsice, this method has the important advantaszc
of giving the relation bstveen the thrust and the torque, on the
one hand, and the snape of the blade, on the other. Unfortunate-
ly, the assumption that the individual parts of the blade do not
interfers witn each other in their effect, is not correcs, In
practice, we may, to a osrtaln extent, avoid this difficulty by
taking as the basis of the caloulation for each propeller iype,
somewhat different section characteristics, so gelected that the
resulting valuss for the whole propeiler agree with the experi-
mental valuves.

The propeller slip-stream theory, especially in its improved
form, now gives us the basis for determining the mutual influence
of ©the parts of the blads, so that, in calculating the shape of
the blade, we oan get along with certain section characteristics,
which have been determinsd once for all. As we have already seen,
the fluid kas acduired a certain added velocity in passing througa
the propeller disk. ConseqQuently the motion of the blade section
relative to the fluid is dependent not only on the forward and
circumferential speed, btut also on this proper velocity of the
fluid. In this acquired velocity expression is however found for
the whole influence exerted by the remaininé parts of the propel-
ler on the effect of an individual section. The connection between
the acquired velocity, and the seotion characteristios is especial-
ly manifest, if we compare the loss of energy, as given by the

rroceller slip-stream theory, with the loss appearing at the blads

in conseduence of this added velocity. When we thus combine the
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provelier siip-stream and propeller-blade theories, we obtaln &
complete theory, corresponding —vell with facts, of the screw pro-
peller operated by itself. The proveller slip-stream theory gives
+he action of an ideal propeller which, among other things, forms
the basis for the correct application of the propeller-bvlade theo-
ry. The latter clears up the additional phenomena which depend on
the special propertiss of the blades end more especially the mag-—
nitude of the losses at the propeller blade, not considered in the
propeller slip-stresam thsozy.

It is intended %o show, by the above explanations, that the
new theories present the possibility of investigating the phenom-
ena in the vicinity of a propeller, so as to be able to calculate
its action on the basis of fewer experimental values. As already
nentioned, there is still zmuch work to be dons in reducing the
methods to a convenient form for practical aprlication. There is
also ruch still to be investigeted experimentally. Aside from ail
gquestions concerning ths mutual effect of propeller and alrplans,;
there arse the oharacteristics'of the blade sections, ~hich s3till
require thorough investigation. Although e have very accurate
values for airplane wings, it is s$i1ll uncertain whether these val-
ues can in all cases be applied in their present form to propellers
Ths centrifugal force of the revol ying propeller may well cause
devigtions. Furtherrore, at high velosities, the compressiblility
of alr, as likewise the so;called cevitation in water, plays & cer-
tain role. There is s%till, therafore, in spite of all theoretical
progresa. & rich field for experimental activity in connection =ith
the screw propeller.

Translated ov the :ational Advisory Committee for Aeronsutics.



Fig.1l - The system of the most important vortices
oehind s screw propellier.
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Axis of rotation.

Fig.2 - Host favorable thrust distribution over the
rropeller disk:
al according to the simple propeller slip-
stream theory;
b} considering rotation of slip-stream;

c) consldering finite number of propellex
blades.



